Abstract. The hepatitis B virus (HBV) X protein (HBx) plays a key role in the molecular pathogenesis of HBV-related hepatocellular carcinoma (HCC). However, its critical gene targets remain largely unknown. RASSF1A gene (Ras-association domain family 1A, RASSF1A), a tumor-suppressor gene, is frequently found to be hypermethylated and downregulated in HCC. In the present study, we investigated whether HBx is involved in the hypermethylation and downregulation of RASSF1A and we examined the potential regulation mechanisms. RT-PCR analysis was used to determine RASSF1A and HBx expression in 9 liver cell lines and the results showed that RASSF1A expression was relatively low in HBx-positive cells. Notably, RASSF1A was downregulated in HepG2.2.15 cells, as compared to HepG2 cells. Further analysis revealed that HBx transfection suppressed RASSF1A expression and HBx knockdown induced its expression. Enforced HBx suppressed RASSF1A and meanwhile induced DNMT1 and DNMT3B expression. In addition, RASSF1A is negatively regulated by DNMT1. ChIP analysis using an antibody against DNMT1 revealed that HBx enhanced the binding of DNMT1 to the RASSF1A promoter but the inhibition of RASSF1A by HBx is DNA methylation-independent as detected by methylationspecific PCR (MSP). Further studies using MSP and bisulfite genomic sequencing (BGS) revealed that no significant methylation changes were observed for regional methylation levels of RASSF1A in DNMT1 knockdown cells, although methylation levels of specific CpG sites at the predicted binding sites for the Sp1 and USF transcription factors were reduced. Additionally, RASSF1A was downregulated in HBV-associated HCC (HBV-HCC) as detected by RT-PCR and immunohistochemistry suggesting RASSF1A expression may be related to HBx in HCC and the clinical relevance of our observations. Collectively, our data showed that HBx suppressed RASSF1A expression via DNMT1 and offered a new mechanism of RASSF1A inactive in HCC in addition to the widely known DNA methylation, enriching the epigenetic mechanism by which HBx contributes to the pathogenesis of HBV-HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors and a major cause of cancer-related mortality worldwide. Chronic hepatitis B virus (HBV) infection, which is the major risk factor for developing HCC in East Asia and Africa (1) , is prevalent in China (2) . The HBV X protein (HBx), an essential factor for HBV replication, is thought to play a key role in the molecular pathogenesis of HBV-associated HCC (HBV-HCC) (3) . Previous studies revealed that HBx knocked into p21 locus caused HCC in mice (4) . However, critical gene targets remain largely unknown.
RASSF1A gene (Ras-association domain family 1A, RASSF1A), localized at 3p21.3, is a tumor-suppressor gene. De novo methylation of the RASSF1A promoter is one of the most frequent epigenetic inactivation events detected in human cancer and leads to inactivated RASSF1A. Hypermethylation of RASSF1A was frequently found in most major types of human tumors including lung, breast, prostate, pancreas, kidney, liver, cervical, thyroid and several other types of cancer (5) . Recent studies have shown that HCC is associated with hypermethylation of RASSF1A (6) (7) (8) . However, it is not yet known whether these methylation abnormalities result from hepatitis B virus (HBV), a major risk factor for the development of HCC (9) . Furthermore, the epigenetic involvement of HBx, the most potent carcinogenic protein in HBV, has yet to be elucidated (10, 11) . HBx has been implicated to play a role in the epigenetic mechanisms on gene expression (12) (13) (14) . In particular, HBx has been associated with increased DNA methyltransferase (DNMT) expression levels which result in hypermethylation and downregulation of a variety of genes such as IGFBP3 (12) , CDH1 (15) and p16 (16 We found that enforced HBx suppressed RASSF1A and induced DNMT1 and DNMT3B expression. RASSF1A is negatively regulated by DNMT1. HBx enhanced the binding of DNMT1 to RASSF1A promoter but the inhibition of RASSF1A by HBx is DNA methylation independent. Further studies using methylation-specific PCR (MSP) and bisulfite genomic sequencing (BGS) revealed that DNMT1 may suppress RASSF1A expression by hypermethylation of special CpG sites and thereby inhibits transcriptional factor binding without changing regional methylation status. Taken together, our data suggested that HBx silenced RASSF1A by increasing DNMT1 but independent of DNA methylation. Our findings offer a new mechanism of RASSF1A inactive in HCC, enhancing the understanding of both the contribution of HBx to HCC and the pathogenesis of HBV-HCC. Paired tumorous and adjacent non-tumorous liver tissues from 29 HCC patients were obtained from the First Affiliated Hospital of Nanjing Medical University. The tissue samples were immediately frozen in liquid nitrogen after resection and stored at -80˚C until use. All samples were obtained with the written consent of the patients and were analyzed anonymously. This study was performed with the approval of the Medical Ethics Committee of the Medical School of Southeast University.
Materials and methods

Cell
Transfection. QSG-7701 and SMMC-7721 cells were transfected with 4 µg of the pcDNA4/TO-HBx construct or the control pcDNA4/TO using the FuGENE ® HD transfection reagent (Roche, Mannheim, Germany). The cells were harvested 36 h after transfection. L02 cells were transfected as described above. After transfection, cells were grown and selectively cultured in 200 µg/ml Zeocin (Invitrogen Life Technologies, Carlsbad, CA, USA) for 2 months after the initial transfection. L02-HBx #8 were the isolated HBx-transfectants. Transfection of 7,721 cells with siDNMT1 or siDNMT3B constructs was performed as previously described (17, 18) . Small interfering RNAs (siRNAs) targeting the HBx mRNA were designed and synthesized by GenePharma (Shanghai, China). For the siRNA transfections, the cells were plated to 50% confluency and were then transfected with 50 nmol/l HBx siRNA or a negative control using the X-tremeGENE siRNA transfection reagent (Roche) according to the manufacturer's protocol. After 48 h, the cells were harvested for analysis.
Reverse-transcription (RT)-PCR and quantitative real-time polymerase chain reaction (qPCR).
The total RNA was purified with TRIzol (Invitrogen Life Technologies) and first-strand cDNA was prepared using PrimeScript RT reagent kit with gDNA Eraser (Takara Bio, Inc., Dalian, China) according to the manufacturer's instructions. PCR products were electrophoresed on 2% agarose gel, stained with ethidium bromide, and visualized under UV illumination. The intensities of the specific bands were analyzed and quantified. The qPCR was carried out using the SYBR Premix Ex Taq™ (Takara Bio, Inc.) according to the manufacturer's protocol. The relative expression was evaluated by the comparative CT method. The primer sequences of each gene and PCR conditions are shown in Table Ⅰ .
Bisulfite treatment and promoter methylation analysis.
Genomic DNA was extracted from the cells using the phenolchloroform method followed by bisulfite modification. BGS was performed as previously described (19) . Bisulfite-treated genomic DNA from L02-Vector, L02-HBx #8, 7701-Vector, 7701-HBx, 7721-Control and 7721-siDNMT1 cells were amplified using methylated and unmethylated RASSF1A primers (20) . For BGS of RASSF1A promoter region in 7721-Control and 7721-siDNMT1 cells, semi-nested PCR was carried out. The PCR products were purified with the AxyPrep gel extraction kit (Axygen, USA) and cloned into pMD19-T vectors (Takara Bio, Inc.), followed by cycle-sequencing of at least 8 clones from each cell line. Primers used for RASSF1A BGS are as previously reported (21) and the sequences are listed in Table Ⅰ .
Chromatin immunoprecipitation (ChIP) and ChIP-PCR.
The ChIP experiments were performed using an EZ-Magna ChIP G kit (Upstate Biotechnology, Inc., Lake Placid, NY, USA) according to the method described previously (22) . The primers used for the amplification of the precipitated DNA fragments were reported previously (23) .
Immunohistochemical analysis. Paraffin sections (5 mm)
were stained with the anti-RASSF1A antibody by incubating the samples overnight at 4˚C. Secondary staining with biotin-conjugated anti-rabbit IgG and tertiary staining with HRP-conjugated streptavidin was performed using an ABC kit (PK6100; Vector Laboratories, Burlingame, CA, USA). Specific staining was visualized by 3,3'-diaminobenzidine (DAB) staining. The slides were then counterstained with hematoxylin. Images were captured using the Nikon (Melville, NY, USA) Eclipse TE2000-S microscope system. Statistical analysis. The independent Student's t-test was used to compare the results, expressed as the means ± SD between any 2 pre-selected groups. A P-value <0.05 was considered to indicate statistically significant differences.
Results
HBx suppresses RASSF1A expression in HCC cell lines.
RASSF1A and HBx expression in 9 liver cell lines was detected by RT-PCR. The results showed that HBx was positive in 97H, 97L and HepG2.2.15 cells that constitutively replicate HBV (Fig. 1A) . Compared to immortalized human liver cell line L02, normal liver cells Chang liver and QSG-7701 non-tumor hepatocyte cells, RASSF1A expression was relatively low in HCC cell lines, especially in HBx-positive 97H, 97L and HepG2.2.15 cells. The negative correlation between HBx and RASSF1A expression suggested that the expression of RASSF1A may be related to HBx. Notably, RASSF1A was downregulated in HepG2.2.15 cells, which are derived from HepG2 cells transfected with a plasmid containing HBV DNA, as compared to HepG2 cells.
The QSG-7701 and SMMC-7721 cells were transiently transfected with the pCDNA4-HBx and pCDNA4 vectors (Fig. 1B) . Results showed that RASSF1A was downregulated in HBx-transfected cells compared with the control cells (vector) (Fig. 1B) . In the L02-HBx #8 cells which were stably transfected with HBx, RASSF1A was also shown to be downregulated (Fig. 1B) . To further verify whether this downregulation correlated with HBx expression, we examined the expression of RASSF1A after HBx knockdown by RNAi. The results showed that HBx knockdown increased RASSF1A expression in L02-HBx #8, 97H and HepG2.2.15 cells (P<0.05; Fig. 1C ). These data support the hypothesis that HBx downregulates RASSF1A expression.
DNMT1 mediates the suppression of RASSF1A by HBx.
Hypermethylation of the RASSF1A promoter is one of the most frequent epigenetic inactivation events leading to silencing of RASSF1A expression. As DNA methylation is catalyzed by DNA methyltransferase including DNMT1, DNMT3A and DNMT3B, we investigated whether HBx regulates DNMT expression and inactivates RASSF1A via promoter hypermethylation. DNMT expression analysis in SMMC-7721 cells showed that DNMT1 and DNMT3B were all upregulated in HBx-transfected cells (Fig. 2A) . RASSF1A expression was upregulated in DNMT1-knockdown SMMC-7721 cells but not in DNMT3B-knockdown SMMC-7721 cells (Fig. 2B and C) , suggesting that RASSF1A was regulated by DNMT1 and the suppression of RASSF1A by HBx may be through DNMT1. Next, we investigated whether HBx induces hypermethylation of RASSF1A promoter by MSP. The results showed that HBx failed to hypermethylate RASSF1A promoter in QSG-7701 and L02 cells (Fig. 2D) . ChIP analysis using an antibody against DNMT1 revealed that the binding of DNMT1 to RASSF1A promoter regions is enriched in L02-HBx cells (Fig. 2E) , which suggested that without changing DNA methylation status, DNMT1 mediates the suppression of RASSF1A by HBx.
DNMT1 suppresses RASSF1A expression in a manner independent of DNA methylation. To explore how DNMT1 regulates RASSF1A, MSP and BGS were utilized to test the methylation status of RASSF1A after DNMT1 knockdown in SMMC-7721 cells. No significant changes of methylation were observed between 7721-Control and 7721-siDNMT1 cells for the methylation status of RASSF1A promoter region as evaluated by MSP (Fig. 3A) .
The methylation levels of 16 CpG sites of the RASSF1A gene were examined using BGS (Fig. 3B ). There were no significant changes in methylation levels in 7721-Control and 7721-siDNMT1 cells (P>0.05; Fig. 3B ), the methylation ratio of the 16 CpG sites in the RASSF1A promoter was 53.13 and 55.47% in 7721-Control and 7721-siDNMT1 cells, respectively. Of note, methylation levels of CpG sites at the predicted binding sites for the Sp1 and USF transcription factors were altered in 7721-Control and 7721-siDNMT1 cells (P<0.05; Fig. 3B ). Both for the Sp1 and USF transcription factors binding sites, the methylation ratio of the CpG sites was 100 and 62.5% in 7721-Control and 7721-siDNMT1 cells, respectively. Collectively, these data suggest that DNMT1-induced silencing of RASSF1A in SMMC-7721 cells is independent of DNMT1 DNA methyltransferase activity.
RASSF1A is downregulated in HBV-related HCC.
RASSF1A expression in HBV-HCC was analyzed by RT-PCR analysis (29 cases). Seven representative results are shown in Fig. 4A . Compared to the paired corresponding non-tumor tissues, 48% of HCC cases showed a downregulation of RASSF1A at the mRNA level (Fig. 4B) . Expression of RASSF1A was further examined by immunohistochemistry (IHC). The results showed that the RASSF1A protein was mainly localized in the nucleus. The protein levels were reduced in HCC cells when compared to the adjacent non-cancerous hepatocytes (Fig. 4C) . Further evaluation of the relationship between HBx and RASSF1A mRNA levels in HCC samples revealed the negative correlation between RASSF1A and HBx expression in some HCC patients. RASSF1A expression was relatively low in HBx-positive tumor tissues, as shown in 8 representative cases (Fig. 4D) .
Discussion
Ras association domain family 1 isoform A (RASSF1A) is a recently discovered tumor-suppressor gene. RASSF1A knockout mouse were prone to spontaneous tumorigenesis at advanced age (24) , and RASSF1A is apparently involved in several growth regulatory and apoptotic pathways. Ectopic expression of RASSF1A in cancer cell lines, which lack endogenous RASSF1A transcripts, resulted in reduced growth of the cells in vitro and in nude mice (21, (25) (26) (27) (28) (29) (30) . In addition, hypermethylation and inactivation of RASSF1A during tumor development was observed in a variety of different tumor types, including HBV-related HCC (6) (7) (8) . However, whether HBV or HBx was involved in the downregulation of RASSF1A and the regulation mechanisms during HCC carcinogenesis remain unclear. Herein, we report that the major HBV oncoprotein, HBx, suppresses RASSF1A expression. RASSF1A is negatively regulated by DNMT1 and HBx induces DNMT1 expression. Further analysis revealed that HBx promoted recruitment of DNMT1 to RASSF1A promoter regions and may suppress RASSF1A expression by upregulating DNMT1.
HBx promoted recruitment of DNMT1 to RASSF1A promoter regions without changing the methylation status of RASSF1A DNA. Further studies on the regulation mechanisms of RASSF1A by DNMT1 revealed that DNMT1 RNAi influenced methylation of special CpG sites rather than regional methylation status. DNMT1 was previously shown to possess transcriptional suppression abilities, independent of catalyzing DNA methylation, that were partially mediated through a direct interaction with the histone deacetylases, HDAC1 and HDAC2, and other co-repressors (31) (32) (33) . Thus, HBx-mediated DNMT1 may suppress RASSF1A expression by recruitment of other histone modification proteins and affects chromatin structure. Further studies will reveal the precise regulation mechanisms of RASSF1A by HBx through upregulating DNMT1.
BGS analysis showed that DNMT1 affected methylation status of specific transcription factor binding sites such as Sp1 and USF. The binding of Sp1 is DNA methylation insensitive (34, 35) . Methylation of Sp1 binding sites is associated with impaired binding of Sp1 at the RASSF1A promoter and the inactivation transcription of RASSF1A in proliferating human mammary epithelial cells (36) . HBx-DNMT1-induced methylation of Sp1 binding sites may inhibit binding of Sp1 at the RASSF1A promoter, which results in the suppression of RASSF1A expression. This is consistent with previous reports that HBx specifically suppressed insulin-like growth factor-3 expression through DNMT3A1 and DNMT3A2 and by inhibiting Sp1 binding via recruiting methyl CpG binding protein 2 to the newly methylated Sp1 binding element (12) . Upstream Stimulatory Factor (USF) is a family of helix-loop-helix transcription factors. Strong activation of transcription was observed both in vitro and in vivo following binding of USF to specific sites in gene promoters (37) (38) (39) . Furthermore, CpG methylation can impair USF interaction with core motifs and subsequently alter gene expression, as for the metallothionein-I gene which is silenced in mouse lymphosarcoma (40) . Therefore, HBx-DNMT1 may also suppress RASSF1A expression by inducing methylation of USF binding sites and subsequently inhibition of binding of USF at RASSF1A promoter.
In conclusion, we found that HBx enhances recruitment of DNMT1 to RASSF1A promoter regions and, hence, suppresses RASSF1A expression. DNMT1 could suppress RASSF1A expression independently of its regional DNA methylation status. Our studies offer another mechanism for the downregulation of RASSF1A in HBV-HCC other than the widely known DNA methylation, thereby providing insight into the epigenetic mechanism by which HBx contributes to the pathogenesis of HBV-HCC. 
